Displacement measurement from recorded videos
The The results are plotted in Fig.S1 , showing that changes linearly with d within a -+ displacement range of ~200 nm. This displacement range is sufficient for measuring cellular membrane fluctuations, which are typically smaller than a few nm. The slope of the linear relation was extracted, giving 1/. Note that beyond the 200 nm displacement range, the calibration curve we got differs from those reported in weak optical tweezers experiments because part of the particle image falls out of the field of view. Example shown here is for a 1-m polystyrene particle (image shown in inset).
Differential measurement strategy to remove low frequency common noise
To remove the low frequency system noise, we adopted a differential measurement strategy as shown in Fig.S2 . The particle or membrane image was separated into two sub-images, each containing half of the particle or membrane. The displacements of the two subparticle/membrane were calculated using the algorithm described above, with and , and and were calibrated separately. The finial
Fig.S2 Differential measurement strategy

Shot noise analysis
To verify that the high frequency noise is dominated by shot noise, we varied illumination intensity and examined the noise dependence on the illumination intensity (Fig.S3 ). The power spectral density (PSD) shows that the illumination intensity mainly affects the high frequency noise (left, Fig. S2 ). The noise level (integrated from 1 kHz to 50 kHz) is inversely proportional to the square root of the total number of photons (N) which is expected for shot noise (right of Fig.  S2 ). We also examined the noise dependence on the number of pixels in a given ROI for a given illumination intensity (Fig. S4 ). As expected, the high frequency noise decreases with the number of pixels (left of Fig. S3 ) used as the ROI, and the noise level (integrated from 1 kHz to 50 kHz) is inversely proportional to the square root of the total number of pixels (N p ). This is because the total number of photons at a fixed illumination is proportional to the number of pixels. . Note that the system noise was determined from a 1-m polystyrene particle attached a glass coverslip.
Hydrodynamic model.
The model below is based on the Helfrich analysis 1 that has been widely used for studying cellular membrane fluctuations 2-5 (2-4). The energy of a planar membrane fluctuation is described by a free energy functional (S1)
where h is the displacement of membrane from its equilibrium position,  is the bending modulus,  is the surface tension, and the integral sums over the whole surface. Using the equipartition theorem, the auto-correlation function of the fluctuation is
where q is the wave number of a membrane fluctuation mode, k B is the Boltzmann constant, and T is temperature. The temporal height-height correlation function for a bilayer is
where is the relaxation rate given by, ( )
for a free bilayer, where is the mean viscosity of the two fluids separated by the membrane. According to Wierner-Khinching theorem, PSD is determined from the Fourier transform of the autocorrelation function,
2 ∫ 〈ℎ ( )ℎ (0)〉 -Substituting Eq. S3 into Eq. S5, and transforming it into polar coordinates, the PSD of single point detection is given by,
For differential measurement, we consider displacement difference between two adjacent locations along the cell edge, .
(S7)
For each q-mode, a phase difference exists, which allows us to express Eq. S7 as,
and the autocorrelation function is
Fourier transform of Eq. S9 leads to PSD for the two-point detection algorithm, given by (S10)
Substituting Eq. S9 into Eq. S10, and transforming it into polar coordinates, we obtain the PSD of two-point detection, (S11)
( 1 -cos ( | 1 -2 |cos ))
Frequency scaling laws of membrane fluctuations
Free bilayer membrane.
For a free bilayer, , and we have (Eqs. S11 and 12),
At high frequencies, bending modulus dominates, such that , we obtain
We define a characteristic length, (S15)
Substituting into Eq. S14 leads to ' = 2 ( , 1 , 2 ) = is a homogenous function and can be written as
where (S19)
is a universal function of the ratio . 
Membrane near a rigid wall.
For cells with cytoskeletons to support the membrane structure, the free membrane assumption is no longer appropriate. A better approach is to assume that the membrane is constrained with a rigid wall at a distance D (the spacing between cytoskeleton and membrane). In this case, the relaxation rate is given by according to a hydrodynamic theory 5, 6 , 
